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ABSTRACT This paper presents the design and realization of a multifunctional bandpass-filter/
displacement-sensor using an edge-coupled microstrip bandpass filter loaded by a pair of split ring resonators
(SRRs). It is shown that while the structure acts as a bandpass filter at its operating frequency, the phase of
the reflection coefficient from a movable loading resonator at the resonance frequency of the resonator can
be used for displacement sensing. With this aim, and to avoid any interference with the filter functionality,
the resonance frequency of the SRRs is chosen within the stopband of the bandpass filter, where all the input
signal is reflected back to the input port. Therefore, moving the loading resonators does not have any adverse
effect on the filtering performance. To validate the concept, a fifth-order Chebyshev bandpass filter with a
feed line loaded with a pair of SRRs is designed and the numerical evaluation of the proposed multifunctional
bandpass-filter/displacement-sensor is provided. The proposed multifunctional component is also validated
through fabrication and measurement. It is shown that the proposed component has a sensitivity of 8°/mm at
the designed frequency of SRRs. However, the sensitivity can be increased by scaling the SRRs to resonate
at a higher frequency within the upper stopband of the filter.

INDEX TERMS Bandpass filter, displacement sensor, multifunctional microwave component, phase, split

ring resonator (SRR).

I. INTRODUCTION

New wireless systems intended for the mass market need
a large number of compact, lightweight, and low-cost
microwave components. In response to this demand, multi-
functional microwave components that combine several com-
ponents with different functionalities into a single device have
been developed in many studies. Some examples of multi-
functional microwave components are filtering antennas [1],
[21, [3], filtering power amplifiers [4], [5], [6], filtering power
dividers [7], [8], [9], [10], [11], and filtering switches [12].
As seen in the above-cited studies, the development of multi-
functional components composed of a filter and another pas-
sive component has been a hot research topic in recent years.
This is because filters are important passive components in
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the radio-frequency (RF) front-end of almost all wireless
communication systems.

On the other hand, microwave sensors have several advan-
tages including low-profile, high sensitivity, and robustness
to harsh environmental conditions, which make this type of
sensors attractive for various applications such as material
characterization [13], [14], defect detection [15], [16], [17],
[18], bio-sensing [19], microfluidics [20], ambient monitor-
ing [21], rotation sensing [22], [23], [24], [25], [26], [27],
[28], displacement sensing [29], [30], [31], [32], [33], [34],
[35], [36], [37], [38], [39], etc. Moreover, microwave Sensors
have intrinsic potential for application in wireless systems,
which use electromagnetic (EM) waves for data transmission.
Thus, with the advent of the internet of things (IoT) technol-
ogy, which is expected to satisfy a large number of wireless
connectivity requirements for today’s applications, the use of
microwave sensors has experienced exponential growth.
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Although filters and sensors are two indispensable
microwave components, surprisingly few studies on the
integration of filter and sensor components have been con-
ducted. However, new multifunctional RF circuits with fil-
tering/sensing capabilities are required, especially in IoT
networks, where the collected data from various sensors
need to be processed and sent through a wireless commu-
nication system. The first attempt to address the demand
for multifunctional filter/sensor components has been
presented in [40]. The filter/sensor proposed in [40] is an
ultra-wideband (UWB) filter that features a controllable
transmission zero within the passband region. The position
of this transmission zero is changed by adjusting the angular
displacement of a rotatable section. Therefore, the angular
displacement can be determined by measuring the frequency
of the transmission zero. Despite its acceptable performance
in UWB systems, the method cannot be used for combin-
ing sensors and narrowband filters. To extend the design
of multifunctional filter/sensor components for narrowband
applications, authors very recently proposed a method for the
design of multifunctional bandstop-filter/sensor components
in [41]. In the method proposed in [41], resonators which
are the main building blocks of the filter are also used for
sensing. Therefore, the operating frequency of the sensor
is identical to the center frequency of the filter. However,
to avoid adverse mutual effects between the filtering and
sensing functionalities, sensing is conducted based on the
phase of a reflected signal, while the amplitude-frequency
response, which is important for filtering, is untouched.

The main limitation of the method proposed in [41] is
that it is only applicable for the integration of microwave
sensors and bandstop filters. This is because the structure of
the bandstop filter is composed of a through transmission line
loaded with resonators. Hence, as long as the spacing between
the resonators is fixed, their displacement as a group does not
affect the bandreject behavior. In contrast, a bandpass filter is
composed of several coupled resonators that are also coupled
to the source and load terminations. Therefore, while displac-
ing the coupled resonators (as a whole) does not change the
inter-resonator couplings, it alters the couplings of the first
and last resonators to the source and load. Moreover, note
that in contrast to the bandstop filter, the reflection coefficient
of a bandpass filter in its passband region is too low and the
phase of the reflection coefficient within the passband cannot
be precisely measured. Therefore, the main objective of this
paper is to further extend the method for integrating band-
pass filters and sensors. With this aim, a novel method for
the design of multifunctional bandpass-filter/displacement-
sensor components is proposed. To perform simultaneous
sensing and bandpass filtering the sensing is conducted based
on the variations of the phase of the reflection coefficient at
the resonance frequency of a resonator, which is adjusted to
occur at a frequency in the stopband of the filter. Therefore,
the passband response of the filter remains intact. For demon-
stration, a fifth-order edge-coupled bandpass filter integrated
with a displacement sensor based on a pair of split ring
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FIGURE 1. The block diagram of the proposed method for designing
multifunctional bandpass-filter/displacement-sensor component.

resonators (SRRs) is presented. Note that the size of the
filter/sensor component can be drastically reduced if compact
filters such as those based on split ring resonators are utilized.
However, as the objective of this research does not prioritize
size reduction, a conventional coupled line bandpass filter has
been employed.

II. PRINCIPLE OF OPERATION AND NUMERICAL
VALIDATION

In this section, the principle idea, design, and numerical
validation of the proposed multifunctional bandpass-filter/
displacement-sensor component are presented.

A. PRINCIPLE IDEA OF
BANDPASS-FILTER/DISPLACEMENT-SENSOR

Fig. 1 shows the block diagram of the proposed method.
As shown in the figure, the proposed structure is composed
of a bandpass filter with a feed line loaded with a resonator.
The filter is realized on one substrate, whereas the resonator
is realized on a second substrate, and thus can be displaced
along the feed line. Assuming that the resonance frequency
of the resonator is outside the passband of the filter, any
signal within the frequency band of the bandpass filter ideally
reaches the second port with no attenuation. In contrast, if a
signal within the stopband spectrum of the filter (excluding
signals at the resonance frequency of the resonator) is fed to
port 1, it will be reflected back by the filter. However, it is
important to note that a signal at the resonance frequency
of the resonator f; is reflected back by the resonator before
reaching the filter. Therefore, provided the line is matched to
the port, when the resonator is located at its initial position
(as indicated by dx = 0 in Fig. 1), the phase of the reflected
signal at the resonance frequency f; of the resonatoris /S| =
—28,z, where z is the length of the microstrip line from
the initial position to port 1, B, = Bo./€y is the phase
constant of the microstrip transmission line at f,, and €.
is the effective permittivity for the microstrip line which is
obtained by [42]:

&+1 € —1 1
€off = : ey
2 2 JT+ 2hjw
27013


http://mostwiedzy.pl

A\ MOST

IEEE Access

Z. Shaterian, M. Mrozowski: Multifunctional Bandpass Filter/Displacement Sensor Component

ho 2, dx

ﬂ ii (e bbb b bk

(A H— o a' ot

i ———

| el T

Umfvz g C*IQF SQl..":qIE:wg ~
0 4] g e A -
i = = i T8 5
i ° = hwg o)

R e I

»hk

FIGURE 2. Side and top views of the proposed multifunctional
bandpass-filter /displacement-sensor. The width of the microstrip line is
w = 0.52 mm, which corresponds to a characteristic impedance of 50 Q.
The resonators have dimensions of a = 14 mm, b = 10 mm, g = 0.3 mm,
¢ = 0.3 mm, and are spaced s = 0.4 mm apart from the microstrip.

In this equation, w and h are the width of the microstrip line
and the thickness of the substrate with a relative permittivity
of €,, respectively. As the resonator moves longitudinally by
dx, the distance between port 1 and the resonator changes to
z + dx, resulting in a change in the phase of the reflected
signal to —28y, (z + dx). Thus, the amount of displacement is
determined by measuring the phase of the reflection coeffi-
cient at the resonance frequency of the resonator. It is clear
that the filtering behavior of the component at the operating
frequency of the filter is untouched since the sensing is per-
formed based on the variation of phase (rather than amplitude
or frequency) at an arbitrarily selected frequency within the
stopband of the filter.

B. FILTER/SENSOR DESIGN

To validate the concept, a fifth-order Chebyshev bandpass
filter with the center frequency fo = 2 GHz, 10% fractional
bandwidth (FBW), and 16.4 dB return loss in the passband
is designed and simulated as the filter part, while a pair of
SRRs on a different layer is used as the sensor part. In this
design, the bandpass filter is realized using edge-coupled
half-wavelength resonators. However, generally, any type of
bandpass filter can be used for this purpose. Also, the pair of
SRRs can be replaced with other types of resonators.

Fig. 2 illustrates cross-sectional and top views of the mul-
tifunctional bandpass-filter/displacement-sensor component.
The structure is made up of two substrates stacked on top of
each other, with a microstrip line and its ground plane on the
top and bottom layers of the first substrate and a pair of SRRs
on the top layer of the second substrate, as depicted in the
figure. The second substrate is ungrounded.

The bandpass filter is designed based on a conventional
procedure [43]. We assume that the filter is to be imple-
mented as a simple coupled line structure. The designed
parameters calculated based on the filter specifications are
listed in Table 1. Note that due to the symmetry of the filter,
only half of the parameters are shown in this table. For both
substrates, the material utilized is Rogers RO6010, which has
a relative permittivity of €, = 10.2, a dielectric loss tangent
of tan(§) = 0.0023, and a thickness of 4 = 0.508 mm
with 18 um thick copper metallizations. Using the design

27014

TABLE 1. Design Parameters of the Fifth-Order Coupled Line.

i Jj.i+1/Yo (Zoe)j,i+1 (Zoo)j,j+1
(ohms) (ohms)

0 0.370 75.353 38.343

1 0.125 57.047 44.521

2 0.095 55.228 45.682

TABLE 2. Microstrip Design Parameters of the Fifth-Order Coupled Line.

j wj sj (€re)j (€ro)j lj
(mm) (mm) (mm)
land 6 0.29 0.2 7.087 5.735 14.85
2and 5 0.41 0.53 7311 5.976 14.585
3and 4 0.42 0.68 7.297 6.052 14.546
0
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FIGURE 3. Circuit and EM simulated magnitude of the transmission and
reflection coefficients of the designed filter with and without space
mapping technique.

equations in [43], the width w;, spacing s; and the initial
length /; for each pair of quarter-wavelength coupled res-
onators are calculated as listed in Table 2. Other dimensions
of the structure are as denoted in the caption of Fig. 2. Note
that to obtain the actual length of each coupled line section
the capacitive effect of the open ends of the resonators has to
be considered. With this aim, and also to take other parasitic
effects into account, all the calculated dimensions of the filter
are optimized using the space mapping (SM) technique based
on the co-simulation between the Advanced Design System
(ADS) circuit simulation software and the full-wave High
Frequency Simulation Software (HFSS). Fig. 3 depicts the
circuit and the full-wave EM simulated magnitude of the
transmission and reflection coefficients of the designed filter.
As shown in this figure, an almost perfect agreement between
the EM-simulated and circuit-simulated results is achieved
by optimizing the dimensions of the filter using the space
mapping technique.

As mentioned earlier, a pair of SRRs is used for displace-
ment sensing. If the dimensions of the pair of SRRs are
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FIGURE 4. Magnitude of the transmission (solid line) and reflection
(dashed line) coefficients for a pair of SRRs with dimensions as denoted
in the caption of Fig. 2.

adjusted such that they resonate at a frequency outside and
relatively far from the passband region of the filter, their
effect on the frequency response of the filter is negligible.
At their resonance frequency, however, all the incident power
is reflected back to port 1 by the resonators. Since the phase
of the reflected signal depends on the location of the pair
of SRRs, their displacement in the longitudinal direction
changes the phase of the reflection coefficient at port 1.
With these considerations in mind, the SRRs are designed
to resonate roughly at f, = 1.26 GHz. Fig. 4 shows the
EM simulated transmission and reflection coefficients for
the designed pair of SRRs with dimensions as denoted in
the caption of Fig. 2. Note that caution must be exercised
to design SRRs such that their second resonance frequency
does not occur within or close to the passband of the filter.
Satisfying this condition guarantees that the sensor has a
minimum effect on the amplitude and the phase response of
the bandpass filter.

C. NUMERICAL VALIDATION

Now using the designed pair of resonators and bandpass
filter, the proposed multifunctional filter/sensor component
as shown in Fig. 2 is numerically simulated in HFSS. The
EM simulation results of the proposed device for different
displacements dx ranging from 0 mm to 45 mm in 5 mm
increments are illustrated in Figs. 5 and 6. Fig. 5 shows
the amplitude of the transmission and reflection coefficients,
while Fig. 6 depicts the phase of the reflection coefficient at
port 1 (i.e., ZS11). It is evident from Fig. 5 that displacing the
top layer has a negligible effect on the frequency response
of the filter. The figure also shows that the signal entering
port 1 reaches port 2 at the bandpass frequencies of the filter
(centered atf = 2 GHz), while it is reflected back to port 1 at
other frequencies. However, the incident signal at the SRRs’
resonance frequency (which is within the stopband of the
filter) is reflected back by the SRRs before reaching the filter.
Therefore, its phase depends on the location of the SRRs, and
hence it varies with their displacement dx (see Fig. 6). To sum
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FIGURE 5. Simulated amplitude of the transmission and reflection
coefficients for different values of displacement dx from 0 mm to 45 mm
in steps of 5 mm.
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FIGURE 6. Simulated phase of the reflection coefficient for different
displacement dx from 0 mm to 45 mm in steps of 5 mm.

up, the simulation results demonstrate that a displacement can
be sensed by analyzing the phase of the reflected wave, while
maintaining the amplitude response of the integrated filter
unaffected. Note that due to the finite quality factor of the
resonators, the phase of the reflection coefficient around the
resonance frequency is a function of the displacement, and
this effect disappears as moving away from the resonance
frequency. It is also inferred from Fig. 6 that the sensing
span of the designed sensor is about 45 mm since larger
displacements result in phase ambiguity.

Ill. EXPERIMENTAL RESULTS

A prototype of the bandpass-filter/displacement-sensor is
fabricated and measured to validate the simulation results.
Fig. 7 illustrates the photograph of the fabricated prototype,
which matches the dimensions of the simulated structure
in Section II. The photograph in Fig. 8 depicts the mea-
surement setup, which involves a linear translation stage for
accurate adjustment of the top substrate in the x direction.
A low-permittivity foam piece connects the top substrate,
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Filtering Area

FIGURE 7. A photograph of the fabricated prototype. All dimensions are
in mm.

FIGURE 8. A photograph of the measurement setup. A piece of foam
connects the top substrate, where the resonators are positioned, to the
linear translation stage.

where the resonators are positioned, to the linear translation
stage.

Fig. 9 shows the measured amplitude of the transmission
and
reflection coefficients for different values of displacement
dx from 0 mm to 40 mm in steps of 5 mm. It also indicates
the measured amplitude of the transmission and reflection
coefficients of the proposed component without SRRs. As
shown in this figure, the return loss is better than 10 dB, the
center frequency is 1.9 GHz, and the FBW is 11.6%. The
measured insertion loss at the center frequency of the filter for
different values of displacement is between 2.5 dB to 2.8 dB,
which is acceptable for a fifth-order microstrip filter with
the mentioned FBW. The discrepancy between the simulated
and measured results is mainly because the simulations were
conducted using ideal dielectric and conductor materials. It is
also attributed to a slightly different relative permittivity of
the substrate material used in the fabricated prototype, which
is around €, = 10.8 rather than 10.2, the conductor loss,
losses of the SubMiniature version A (SMA) connectors, and
fabrication tolerances. Note that the notches in the reflection
coefficient around the resonance frequency of the SRRs are
due to the resonance-induced losses in the fabricated proto-
type. These notches are not present in the simulation results,
as simulations were carried out using lossless materials (as
seen in Fig. 5). Furthermore, as shown in Fig. 9, the notch
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FIGURE 9. Measured amplitude of the transmission and reflection
coefficients for different values of displacement dx from 0 mm to 40 mm
by steps of 5 mm.
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FIGURE 10. Measured phase of the reflection coefficient for different
displacement dx from 0 mm to 40 mm by steps of 5 mm.

is not observed in the measured results without the SRRs.
The measured phase of the reflection coefficient at port 1 for
different values of displacement dx from 0 mm to 40 mm in
steps of 5 mm is depicted in Fig. 10. This figure illustrates
that as dx increases, the phase of S1; at 1.26 GHz decreases.
Meanwhile, the magnitudes of the reflection and transmission
coefficients (as shown in Fig. 9) remain mostly unchanged.
According to Fig. 10, the sensor’s measurement range is
approximately 40 mm, which is slightly less than half of the
guided wavelength.

Fig. 11 compares both the simulated and measured phase
of the reflection coefficients versus displacement at the res-
onance frequency of the SRRs. This figure shows a good
agreement between simulated and measured results. Since the
experimental measurement span of the sensor is slightly less
than the simulated one, this figure is shown for a range of
35 mm displacement. This figure also shows that the pro-
posed sensor exhibits a linear response and has a sensitivity
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TABLE 3. A Comparison Between the Proposed Bandpass Filter/Sensor and State-of-the-Art Sensors.

Reference Sensor Type Sensing Mechanism  Dynamic Range  Ave. Sensitivity ~ Frequency Ay Size Area  Type of Co- FBW
(° or mm) (GHz) (mm) (mm x mm) (\2) integrated Filter (%)

[35] Sensor A Displacement ~ Phase variation ~ 5 mm 35.14°/mm 2 90 70 x 20 0.15

Sensor B Displacement ~ Phase variation ~ 5 mm 95.24° /mm 2 90 70 x 20 0.15

Sensor C Displacement  Phase variation A2 mm 312.97°/mm 2 90 92.5 x 20 0.23
[36] Displacement  Frequency shift 7 mm 86 MHz/mm 1.98 121 ~22x10 0.015
[37] Displacement ~ Phase variation 26.5 mm 13.5°/mm 15 265 41 x232 1.35
[40] Rotation Frequency shift 90° 2.27 MHz/° 2.17 84.7 50 x 46 032 UWB 110
[41] Displacement ~ Phase variation 18 mm 20°/mm 49 37 40 x 13 0.38  Bandstop 53
This work Displacement  Phase variation 45 mm 8°/mm 1.26 92 147 x 22 0.37  Bandpass 10

n
o]
o
o
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0 5 10 15 20 25 30 35

dx (mm)

FIGURE 11. Simulated and measured phase of the reflection coefficients
versus displacement dx at resonance frequency f = 1.26 GHz.

of approximately 8°/mm. Note that as long as the operating
frequency of the sensor is outside the passband region of
the filter, a compromise between the measurement span and
the sensitivity of the sensor can be made by adjusting the
operating frequency depending on the application. If high
sensitivity (of course at the cost of a lower measurement span)
is needed the SRRs can be designed to resonate in the upper
stopband of the filter.

The proposed bandpass filter/sensor and the state-of-art
filter/sensors in the literature are compared in Table 3. Since
the multifunctional filter/sensors in the literature are limited
to [40] and [41], additional displacement sensors based on
phase variation in [35] and [37], and a displacement sensor
based on frequency shift [36] are also included in the table.
Note that while the first half of the table is dedicated to sen-
sors that can only sense displacement, the second half show-
cases multifunctional filter/sensor components that are larger
in size due to their added functionality. In short, the table
shows that sensors in the [35] and [36] have smaller sizes,
but they have a limited dynamic range. The sensor proposed
in [37], which is based on gap waveguide technology, has a
higher dynamic range and moderate sensitivity, but it operates

VOLUME 11, 2023

at a higher frequency and is larger in size. The filter/sensor
presented in [40], which is an angular sensor co-integrated
with a UWB filter with 110% FBW, is based on the variations
of the frequency (rather than phase) and has a sensitivity
of 2.27 MHz/°. The table also shows the sensitivity and
dynamic range of the multifunctional filter/sensor presented
in [41] and the one presented in this study. The absolute
values presented in the table show that the multifunctional
filter/sensor presented in this study benefits from a higher
dynamic range but lower sensitivity compared to [41]. How-
ever, normalized values of the dynamic range and sensitivity
of both filter/sensors relative to the wavelength are identical.
As mentioned earlier, by changing the operating frequency
a higher absolute sensitivity can be achieved at the cost of a
lower absolute dynamic range, and vice versa. It should be
also noted that the normalized sensitivity of the filter/sensor
presented in this work is double that of the sensor presented
in [37] while its normalized dynamic range is half. This is
because the sensor in [37] operates based on the phase of the
transmission rather than the reflection coefficient.

IV. CONCLUSION

A new microwave multifunction device has been proposed
that integrates two functionalities: that of a bandpass fil-
ter and that of a displacement sensor. The displacement is
measured from the phase of the signal reflected by a pair
of sliding SRR resonators placed at the input of the band-
pass filter and tuned so that its first and second resonances
are outside the passband of the filter. In this way, the res-
onance of the displacement-sensing SRRs do not interfere
with the operation of the filter. To demonstrate the effec-
tiveness of this approach, a Sth-order Chebyshev bandpass
filter/displacement sensor was designed, fabricated, and mea-
sured. It is shown that there is good agreement between the
simulation and the experimental results.
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